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(54) CCD image sensor using amplification by secondary electron generation 

(57) CCD imager with amplification via impact ioni- 
sation, but avoiding avalanching. Higher amplification 
factors can be achieved by repeatedly transfering 
charge between a storage well and a multiplication well, 
either back and forth within each CCD cell, or during 
charge propagation between cells. Preferably, one of 
the clock gates is provided with an aperture, and a 
charge multiplication electrode is provided within this 
aperture. Alternatively, adjacent clock electrodes can be 
provided with reticulations, and a charge multiplication 
electrode can be provided in the opening formed by 
these reticulations. 






SB 



251 



e I W 



i 



— k 

7f 



I 



-283 



\ 



222 



JU 



' 4 



*yyyyy ssy / 



FIG. 6 



-201(Unit CeU Region) 
SOS 



✓ SSyS// 

mi 

^Jyyyy</>M 



ysssy /ssSs 'SsySsySsy. f A 




-.805 



-203 



-01 



*2 




FIG. 5 



CL 
LU 



Printed by Xerox (UK) Business Services 
2.16.7 (HRS)/3.6 



1 



EP 1 081 766 A1 



2 



Description 

Cross-Reference to Other Application 

[0001] This application claims priority from U.S. 5 
provisional application number 60/151,370 filed 
8/30/99, which is hereby incorporated by reference. 

Background and Summary of the Invention 

10 

[0002] The present application relates to solid-state 
image intensifiers, specifically to an image intensifier 
fabricated in a monolithic form on a single piece of a 
semiconductor substrate using standard semiconductor 
Integrated Circuit (IC) manufacturing methods. In partic- is 
ular, the invention relates to solid-state image sen- 
sor/intensifiers which exploit charge multiplication by 
single carrier impact ionization. 

[0003] An Image Intensifier (or "II") is an image- 
sensing device that has the ability to convert an image, 20 
formed by only a few or a single photon per pixel, to 
many electrons per pixel without adding any apprecia- 
ble noise. This is advantageous in many low-light-level 
imaging applications, since the image signal formed by 
many electrons per pixel is easier to detect and process. 25 
The signal, consisting of many electrons instead of only 
one, can always be kept above the charge detector and 
system noise floor. 

[0004] Traditionally, image- intensifying detectors 
have used vacuum tube devices. In such devices an 30 
image is projected onto a suitable photo-cathode, and 
the liberated photoelectrons are multiplied on their way 
to the anode. The multiplication method typically used is 
based on a micro-channel concept where electrons are 
multiplied several hundred or a thousand times before 35 
they are sensed. The resulting multiplied image charge 
is then either scanned or directly displayed on a suitable 
anode viewing screen. Such devices are used today in 
military night vision scopes and other low-light-level 
image sensing cameras. While these devices achieve a 40 
superb performance and have many desirable charac- 
teristics such as low power consumption and a very 
high sensitivity, they also have undesirable characteris- 
tics that are not easily overcome. The vacuum tube 
technology does not lend itself to low cost-high volume 45 
production, significant miniaturization, color sensing, 
and an easy interface with today's modern digital image 
processing systems. The vacuum tube intensifiers also 
require high voltages for their operation. For these and 
other reasons described herein, the current research 50 
efforts have focussed on developing image intensifier 
devices that can be fabricated using standard semicon- 
ductor manufacturing technology. 
[0005] An example of such work, using a hybrid 
approach, is found in T. Watabe et al., "CMOS Image 55 
Sensor Overlaid with HARP Photoconversion Layer", 
PROCEEDINGS OF 1999 IEEE WORKSHOP ON 
CHARGE-COUPLED DEVICES AND ADVANCED 



IMAGE SENSORS (June 10-12 1999, Karuizawa, 
Nagano, Japan), paper R33, which is hereby incorpo- 
rated by reference. 

[0006] Another example of the image intensifier 
concept, implemented monolithically and directly in a 
solid state semiconductor substrate, is described in U.S. 
patent 5,337,340 to Hynecek (1994), which is also 
hereby incorporated by reference. 
[0007] U.S. patent 4,912,536 to Lou describes yet 
another non-imaging device that represents an accu- 
mulation and multiplication photodetector having three 
adjacent MOS gates formed on a suitable substrate. 
The first gate is biased such that a depletion well is 
formed underneath that accumulates photocharge. The 
second gate is a transfer gate that isolates the accumu- 
lation well from the avalanche well formed under the 
third, avalanche, gate. After the third gate is biased into 
the avalanche-ready condition, the second gate is 
opened and accumulated charge from the accumulation 
well is transferred into the avalanche well. During the 
charge transfer process charge undergoes amplification 
by a multiplication factor associated with the avalanche 
process. 

[0008] Known monolithic image sensors, such as 
CCD or CMOS based devices, have achieved high per- 
formance in resolution, sensitivity, noise, and miniaturi- 
zation. Camcorders and popular Digital Still Cameras 
(DSC), that employ these sensors and are successfully 
competing with film, would not be possible without 
them. However, the reduction in chip size needed for 
cost competitiveness requires a reduction in pixel size. 
Unfortunately, as the pixel size is reduced, there is an 
associated and unavoidable reduction in sensitivity that 
leads to a reduction in S/N ratio. The reduction in S/N 
ratio is due to the fixed charge detector noise floor that 
is not easily reduced. It seems difficult to reduce the 
noise floor of the on-chip charge detectors to a single 
electron or below. Therefore, the charge multiplication 
concept, as described in U.S. patent 5,337,340, holds 
out the promise of achieving a competitive performance 
advantage within the image intensifier technologies 
since charge multiplication can improve sensitivity with- 
out an appreciable increase in noise. 
[0009] U.S. patent 5,337,340 teaches the basic 
concept of carrier multiplication in a semiconductor and 
its application to CCD image-sensing devices. When a 
photon is received in a pixel and converted into an elec- 
tron, the resulting electron can be transferred in a CCD 
fashion through a high field region to cause impact ioni- 
zation. Impact ionization generates a new electron-hole 
pair and thus increases the original number of elec- 
trons. Typically no more than one new electron-hole pair 
is created per electron transfer, and avalanche multipli- 
cation is never allowed to begin. This is one of the fea- 
tures that distinguishes the concept described in patent 
5,337,340 from the concept described in patent 
4,912,536. It can be shown theoretically that the impact 
ionization process is relatively noise free, so the photon 
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generated charge signal can be increased above the 
system noise floor without reducing the Signal to Noise 
ratio (S/N). By contrast, avalanching is a noisy process 
(in which impact ionization generates secondary carri- 
ers which themselves generate further secondary carri- 
ers). 

[0010] While the general concept described in the 
patent 5,337,340 is sound, some more recent experi- 
mentation has provided some new data on the noise 
floor of this approach. See Hynecek, "CCM-A New Low- 
Noise Charge Carrier Multiplier Suitable for Detection of 
Charge in Small Pixel CCD Image Sensors", 39 IEEE 
TRANSACTIONS ON ELECTRON DEVICES 1972 
(1992). A Single Photon Detection (SPD) by monolithic 
Solid State Image Sensors thus remains a desirable 
goal. 

[0011] Figures 1 and 2 show a plan view and a 
cross section of a CCD unit cell 1 01 used in typical CCD 
image sensors before the final dielectric layer overcoat 
and the metal patterning steps have been applied to the 
structure. In Figure 1 , channel stop regions 1 04 and 1 06 
confine charge in the Y direction while gate electrodes 
1 02 and 1 03 together with the Virtual Electrode (VE) 
region 105 confine charge in the X direction. The CCD 
channel is defined between the channel stops 104 and 
106. The electrical interconnect lines that apply clock 
signals f1 and f2 to the physical structures are shown 
symbolically. By applying suitable biases to gate elec- 
trodes 102 and 103, charge can be transferred up or 
down the CCD channel. The potential profile for various 
gate biases in regions 107 and 108 and the resulting 
charge transfer process is shown in Figure 2. Potentials 
in regions 107 and 108 change from level 150 to 152 
while the potential of the VE region 105 stays constant 
at fixed level 151. For completeness, the cross section 
of the device in the Y direction is shown in Figure 3 with 
detail 1 15 of the channel stop region given in Figure 4. 
Regions and structures 1 02, through 1 1 2, 1 1 6, 1 1 7, and 
118 in Figures 1 and 2 correspond directly to regions 
and structures 202, through 212, 216, 217, and 218 in 
Figures 5 and 6 that will be discussed in more detail 
later. 

[0012] Background charge generation is best 
understood with reference to Figure 4. When a bias 
applied to gate electrode 103 is low, holes 119 are 
trapped at the interface between semiconductor sub- 
strate 1 1 2 and gate dielectric 1 1 8. As the bias applied to 
gate electrode 103 is changed from low to high level, 
holes 119 that have been trapped at the interlace are 
suddenly released and accelerated. The trapped holes 
have been uncovered due to the change in the depletion 
region boundary from location 1 13 to 1 14. As the accel- 
erated holes gain energy they cause impact ionization 
and generation of electrons 120. Since almost all CCD 
devices have the topology shown in Figure 1, where 
gate electrodes 102 and 103 overlap the channel stops 
1 04 and 1 06, the generation of unwanted charge cannot 
be easily avoided. This is true for the structure shown in 



Figure 1 , representing only an example here, as well as 
for other more common CCD devices that have more 
than two gate electrodes and no VE regions 105. 
Devices that have VE regions and either multiple gate 
5 electrodes or a single gate electrode have an additional 
problem of background charge generation at the inter- 
faces between the regions 1 02 and 1 05 and the regions 
103 and 105. 

[0013] In modern CCD devices, holes are usually 

10 attracted to the substrate-dielectric interface intention- 
ally to lower the dark current generated during the 
image integration period. Since the hole trapping at the 
interface causes the background charge generation and 
corresponding noise it is difficult to see how to achieve 

15 an image intensifier operation according to prior art. It is 
also difficult to achieve an image intensifier operation 
without the background charge generation in the CCD 
devices that are very small and that are built using con- 
ventional layout techniques. 

20 [0014] The prior art does not disclose a gate elec- 
trode structure in which is formed an aperture over 
which a charge multiplication electrode is disposed. The 
prior art does not disclose a method in which initially 
detected charge in storage well is multiplied by single- 

25 carrier impact ionization process instead of an ava- 
lanche process. The prior art does not disclose a 
method in which a significant multiplication gain, without 
background noise generation, is achieved using a repet- 
itive charge transfer back and forth within a single cell or 

30 by using many cells connected together in a CCD fash- 
ion. The prior art does not disclose a method of achiev- 
ing an externally programmable charge gain by 
controlling the number of multiplication transfers within 
one cell. 

35 

A Semiconductor Image Intensifier 

[001 5] The present inventor has discovered that the 
noise floor of the device described in Hynecek patent 

40 5,337,340 can be improved by minimizing the coupling 
of the high electric fields in the carrier-multiplication 
area to the channel stop. The present application there- 
fore discloses a variety of structures in which this cou- 
pling is reduced, and noise performance is therefore 

45 improved. In many embodiments the region of high 
electric field lies within the cell area, which is laterally 
delimited by the channel stops and transfer barriers, but 
does not overlie the channel stops anywhere. Preferably 
the high-field region lies entirely within a depleted sem- 

50 iconductor volume. 

[0016] The present application discloses an 
improved solid-state carrier multiplication stage, and 
imaging chips incorporating this stage, which provide 
improved immunity to dark current noise. In various 

55 embodiments, the application discloses a practical 
charge multiplication pixel that can be operated without 
generation of background charge. These and other 
objects are achieved in a cell of sensors that includes a 
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channel formed in a substrate, a gate structure insula- 
tively disposed over and transverse to the channel hav- 
ing an aperture formed therein, and a charge 
multiplication gate electrode insulatively disposed over 
the aperture. In one embodiment, the gate electrode 
structure includes a first aperture gate electrode having 
the aperture formed therethrough. In another embodi- 
ment, the gate electrode structure includes first and 
second aperture gate electrodes having respective first 
and second reticulations therein so as to frame the 
aperture. Additional embodiments include three or more 
gate electrodes through which is formed the aperture. 

[0017] In an alternative embodiment, a method of 
multiplying charge collected in a storage well includes 
forming a multiplication well under a charge multiplica- 
tion gate and a potential barrier under the charge trans- 
fer gate, the potential barrier being lowered until initial 
charge stored in the storage well transfers over the bar- 
rier into the multiplication well. Transferred charge 
causes single carrier impact ionization resulting in mul- 
tiplying originally transferred charge. The method fur- 
ther includes transferring multiplied charge from the 
multiplication well back into the storage well or transfer- 
ring it into a storage well of an adjacent cell connected 
to it in a CCD fashion. 

[0018] The disclosed innovations, in various 
embodiments, provide one or more of at least the follow- 
ing advantages: 

• the charge gain of photocells or photo-detector pix- 
els of image sensors can be programmed or con- 
trolled by electronic signals applied externally to the 
chip. (This is because it is possible to control the 
charge multiplication by altering the voltage on the 
multiplication gate electrodes, or by controlling the 
number of pulses used in multiplication cycles.) 
a practical high performance monolithic Solid State 
Image Intensifier (SSII) in any of various architec- 
tures. 

Brief Description of the Drawing 

[0019] The disclosed inventions will be described 
with reference to the accompanying drawings, which 
show important sample embodiments of the invention 
and which are incorporated in the specification hereof 
by reference, wherein: 

Figure 1 is a plan view of a known CCD cell that is 
typically found in the prior art; 
Figure 2 is a cross section of the standard cell 
shown in Figure 1 with potential profiles used for an 
explanation of the charge transfer process; 
Figure 3 is a cross section of the standard cell along 
the line B-B' of Figure 1 including the potential pro- 
files in that direction for two different gate-biasing 
conditions; 

Figure 4 is a detail cross section of a channel stop 



region and illustration of the origin of generation of 
background charge by the hole impact ionization 
process; 

Figure 5 is a plan view of a generic IMPACTRON 

5 unit cell according to the invention; 

Figure 6 is a cross section of the IMPACTRON cell 
shown in Figure 5 with the corresponding potential 
profiles for several different gate biasing conditions; 
Figure 7 is a generic timing diagram showing the 

w three different cycles of the IMPACTRON cell tim- 
ing; 

Figure 8 is a block diagram depicting a model of the 
charge multiplication process used for the deriva- 
tion of the charge multiplication noise formula 
15 according to the present invention; 

Figure 9 is a layout diagram showing the layout of 
Full Frame and Frame Transfer CCD image sen- 
sors; 

Figure 1 0 is a plan view of an alternate serial regis- 
20 ter configuration according to the invention; 

Figure 11 is a layout diagram showing the layout of 
the high-speed CCD sensor that includes IMPAC- 
TRON cell structures; 

Figure 12 is a plan view of an Interline Transfer 

25 Image CCD Sensor unit cell that incorporates an 

IMPACTRON structure according to the invention; 
Figure 1 3 is a plan view of a unit cell and associated 
circuitry from an array of an Active Pixel CMOS 
Image Sensor that incorporates an IMPACTRON 

30 structure according to a sample embodiment; 

Figure 14 is a plan view of a generic IMPACTRON 
unit cell structure that incorporates a Lateral Over- 
flow Drain anti-blooming structure; 
Figure 15 is a cross section of the cell in Figure 14 

35 along section line C-C that also includes a cell 

potential profile in that direction; 
Figure 16 is a plan view of an alternate IMPAC- 
TRON cell structure according to the invention; 
Figure 17 is a cross section of the two-poly two- 

40 gate structure showing the gate overlap region in 

an IMPACTRON cell; 

Figure 18 is a cross section of an alternate planar 
single-poly multiple-gate structure in an IMPAC- 
TRON cell; and 
45 Figure 19 is a plan view of yet another alternate 

IMPACTRON cell structure according to the inven- 
tion. 

Detailed Description of the Preferred Embodiments 

50 

[0020] The numerous innovative teachings of the 
present application will be described with particular ref- 
erence to the presently preferred embodiment (by way 
of example, and not of limitation). 
55 [0021] In Figures 5 and 6, an IMPACTRON cell 201 
is depicted in plan view with corresponding cross sec- 
tion along the line A-A'. In Figure 5, channel stop 
regions 204 and 206 confine charge in the Y direction 
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while gate electrodes 202 and 203 together with the Vir- 
tual Electrode (VE) region 205 confine charge in the X 
direction. The electrical interconnect lines to apply clock 
signals f1 and f2 to the physical structures are shown 
symbolically. 5 

[0022] A feature of the structure of Figures 5 and 6 
that is absent from the structure of Figures 1 and 2 is a 
circular aperture 221 opened in gate electrode 203 in an 
approximate center of the CCD channel. The same 
material used for the formation of gate electrode 202 10 
covers the gate-opening region 221. However, the use 
of the same material is not necessary for the correct 
function of the device. The resulting gate 222, called a 
Charge Multiplication (CM) gate, is connected to metal 
line 223 and finally to the device terminal driven by 15 
charge multiplication clock signal §cn\> as shown sym- 
bolically in Figure 5. 

[0023] The cell is fabricated on standard semicon- 
ductor p-type substrate 212 that may be, for conven- 
ience, silicon with a starting doping level on the order of 20 
10 15 cm" 3 . Suitable n-type impurity region 21 1 is formed 
near the surface of the substrate, that forms the CCD 
channel, either by diffusion or by ion implantation and 
anneals. These steps are common in the industry and 
will not be described here in any more detail. The impu- 25 
rity concentration of this region may be on the order of 
10 17 cm" 3 and the thickness of the layer may be on the 
order of 3000 Angstroms. 

[0024] A suitable dielectric layer 218 is either 
deposited or grown on the substrate. It could be, for 30 
example, silicon dioxide Si0 2 that is 300 Angstroms 
thick. The cell preferably further includes another die- 
lectric layer 21 7 that is deposited on the top of the layer 
218. For example, depositing 300-Angstrom thick sili- 
con nitride Si 3 N 4 may form such a layer. Layer 217 is 35 
typically used for fabrication convenience and compati- 
bility with known processes. It is not necessary for the 
correct IMPACTRON cell function. Another thin dielec- 
tric layer on the order of 50 Angstroms may also be 
formed on top of the layer 217 for the convenience of 40 
manufacturing, but this is not shown in the figure. 
[0025] The IMPACTRON cell further includes the 
gate electrode structure formed by the regions 202, 
203, and 222. The gate material for these layers may be 
a suitably doped poly-crystalline silicon (poly silicon), 45 
4000 and 1500 Angstroms thick, for the gate electrodes 
202 and 203 respectively. The gates 203 are separated 
from the gates 202 and 222 by a thin dielectric layer 
216. The dielectric film can be much thicker on the top 
of the gate 203 then on its sides. The thicker dielectric so 
layer on the top, on the order of 2500 Angstroms, signif- 
icantly reduces the parasitic capacitance between the 
gates 202 and 203, while the thickness of the dielectric 
on the sides of the structures 203 is important for con- 
trolling the field and the inter-electrode breakdown volt- 55 
age. The cell illustrated in Figures 5 and 6 includes 
virtual electrode (VE) region 205 formed by p + type- 
doped region 209 and a suitable n-type-doped layer 



21 0. After the cell shown in Figures 5 and 6 is fabricated 
several dielectric and patterned metal layers, not shown 
in the drawing, are added to it. These structures facili- 
tate the necessary electrical interconnections, metal to 
metal isolation, and also the overall chip scratch protec- 
tion. Such layers are commonly used in the industry but 
are not essential for the function of the cell and were 
thus omitted from the description. 

[0026] The semicircular shape of the gate electrode 
203 and circular opening 221 shown in Figure 5 is 
important for the uniformity of the electric field between 
the gate electrodes 203 and 222. However, persons 
skilled in the art will appreciate that opening 221 may be 
formed to be elliptical, oval, or even in the shape of a 
polygon without loss of function. The control of the uni- 
formity of the field and the separation of the high field 
region from the channel stops are the important advan- 
tages of the IMPACTRON cell design. 
[0027] The operation of the IMPACTRON cell, with- 
out generation of background charge, can be explained 
with reference to the potential diagrams shown in Figure 
6 and the cell timing diagram shown in Figure 7. The 
entire timing cycle of the cell is divided into three basic 
intervals: the integration time interval Tj, the charge mul- 
tiplication time interval T C m> and the charge transfer 
time interval x TR . During the integration time all three 
gate electrodes 202, 203, and 222 are biased at their 
most negative level, corresponding to the potential level 
250 shown in Figure 6. This level is called a pinning 
level, since the surface potential under the gates is 
pinned to the substrate for this bias. During this interval 
the holes from p + channel stops 204 and 206 and p+ 
VE regions 205 flow under the gates and fill the inter- 
face states. This stops the generation of excessive dark 
current. When the integration period is completed and 
one or several photo-electrons are collected in the inte- 
grating potential well located in VE region 205, the bias 
of the gate electrodes 203 and 222 is increased to a 
value that corresponds to potential level 255 shown in 
Figure 6. This marks the beginning of the charge multi- 
plication interval. 

[0028] In the charge multiplication interval tcm> 
charge multiplication pulses are applied to gate elec- 
trodes 222 and 203 by respective clock signals (|) CM and 
§2 as shown in Figure 7. The charge multiplication 
pulses 0cm and <t> 2 cause the potential under the respec- 
tive gates in the regions 221 and 208 to vary between 
the levels 255 and 253. The phase relation of the pulses 
applied to the gate electrodes 222 and 203 is shown in 
detail in Figure 7. The bias on both, charge multiplica- 
tion gate electrode 222 and the gate electrode 203 are 
initially at a low level, corresponding to the potential 
level 255 (Figure 6). Subsequently, the bias applied to 
the charge multiplication gate electrode 222 is raised to 
its highest level before the bias of gate electrode 203 is 
changed. In this state, the high positive potential of 
region 221 (under charge multiplication gate electrode 
222) would attract photocharge from the integration well 
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in region 209 if it were not for a potential barrier (low 
potential) formed in region 208 under gate electrode 
203 (Figure 6). 

[0029] In the next step, after the bias on charge 
multiplication gate electrode 222 has been raised to its 5 
highest level, the bias on the gate electrode 203 is also 
raised to cause an increase in the potential of region 

208. This lowers the potential barrier that existed 
between the region 221 (under the charge multiplication 
gate electrode 222) and the integration well in region 10 

209. As a result, electrons begin to flow from the inte- 
gration well in region 209 over the potential barrier in 
region 208 into the high field region formed between the 
high potential region 221 and the low potential region 
208. The high field existing between the regions 221 is 
and 208 induces transferring electrons to cause impact 
ionization and the generation of new electron-hole 
pairs. 

[0030] After all of the electrons from the integration 
well in region 209 are transferred over the potential bar- 20 
rier in region 208 into the high potential region 221 and 
added with the electrons generated by impact ioniza- 
tion, the process is reversed so that all of the electrons 
in region 221 are transferred back to the integration well 
under VE electrode 205. This is accomplished by lower- 25 
ing the bias on charge multiplication gate electrode 222 
before the bias on gate electrode 203 is lowered. In the 
next steps the process is repeated, and during each 
pulse cycle, the original charge quantity is multiplied. 
From the above description it is also clear that charge 30 
does not have to necessarily be transferred back to the 
original cell. It can be transferred in a serial CCD fash- 
ion to adjacent cells that form a suitably long charge 
multiplication chain. The number of pulses in the multi- 
plication interval tcm can be very large. However, the 35 
most desirable number is between fifty and five thou- 
sand pulses. 

[0031] The last timing interval is charge transfer 
interval x TR , during which charge transfers out of the 
IMPACTRON cell and into the next structure adjacent to 40 
it. This can be another IMPACTRON cell or any other 
CCD structure such as a CCD register, CCD memory 
cell, or a charge detection node. During the charge 
transfer interval t tr , pulses applied to the gates 202 
and 203 cause the potential under the gates to swing 45 
between the levels 255 and 252 with the phase relation- 
ship shown in Figure 7. 

[0032] Due to the bias voltages being higher during 
the multiplication and readout intervals than during the 
integration time interval, the generation of background 50 
charge is eliminated. However, when the generation of 
background charge during the readout period is negligi- 
ble, it is possible to simplify the timing generation cir- 
cuitry and generate signals as shown by the dotted lines 
in Figure 7. The gate electrodes 203 and 222 are 55 
clocked in this interval between the bias levels corre- 
sponding to potentials 252 and 250. 
[0033] Since all of the gate electrodes are biased to 



the pinning bias only during the integration time interval, 
background charge is not generated in the IMPAC- 
TRON cell. This feature has the advantage of minimiz- 
ing dark current generated at the substrate-dielectric 
interface. However, during the multiplication cycle time 
interval, all the holes are pushed away from the high- 
field regions under gate electrodes 203 and 222 and do 
not cause any impact ionization. 

[0034] Determination of noise generated in the 
IMPACTRON cell by charge carrier multiplication is an 
important factor in deciding whether the single photon 
detection (SPD) is possible. Since charge undergoes 
many transfers from cell to cell or within a one cell, 
accumulated noise can be very large. The charge multi- 
plication process can be modeled as shown in Figure 8. 
The model consists of a chain of N identical multiplica- 
tion stages, each having a multiplication variance a 2 
and a multiplication mean n. Assuming that for the g^ven 
number of stages N the multiplication factor M = n j jt 
is possible to derive a formula for the excess noise fac- 
tor F as shown below: 

F 2 = l + o 2 -L^L 

n(/z-l) 



ln(M) 



[0035] The variance of each individual multiplica- 
tion step is typically very small (on the order of a 2 = 
0.002), due to the monocrystalline nature of the semi- 
conductor substrate. This is very fortunate since, 
according to the equation above, it is possible to 
increase the number of multiplication steps up to a sev- 
eral thousands before the excess noise factor F 2 signif- 
icantly exceeds unity. Multiplication factors from ten to a 
hundred are thus possible even if the probability of mul- 
tiplication in a single charge transfer step is very small. 
This is one of the features that separates the IMPAC- 
TRON single carrier charge multiplication concept from 
the standard avalanche multiplication. In image intensi- 
fier devices, based on the vacuum tube technology, the 
charge multiplication occurs in an amorphous material 
that covers micro-channel tube walls or dynode sur- 
faces, and consequently the excess noise factor is typi- 
cally F 2 = 2. The IMPACTRON has an advantage in 
excess noise performance in comparison to other 
image intensifier devices. 

[0036] Another advantage of the IMPACTRON is in 
its flexibility of incorporation into many modem image 
sensor architectures. Several important examples of 
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such incorporation are discussed herein with reference 
to Figures 9, 10, 11, and 1 2. 

[0037] In Figure 9, peripheral region 302, that has 
the same structure as channel stops 204 and 206 in 
Figure 5, surrounds active area 301. The active area 5 
301 is filled with array 303 of IMPACTRON cells 201 
(Figure 5). To supply proper bias voltages from external 
pulse drivers, the array is equipped with interconnect 
wires and terminals 311,31 2, and 313. When the whole 
area 301 is filled with IMPACTRON cells, the resulting 10 
image sensor is called a Full Frame (FF) imager. This 
type of device can be used in imaging systems that 
have optical shutters, such as digital still cameras 
(DSCs), since it is necessary to stop the light from 
impinging on the device during the charge readout 15 
phase. The image sensing area 301 interfaces with the 
serial register 305 through an interface region 304. This 
can be another gate or simply just suitably shaped 
channel stop regions. After the image integration and 
multiplication of charge is completed, charge from the 20 
array is transferred, line by line, into the serial register. 
The serial register consists of standard CCD cells 101 
as shown previously in Figure 1. Several cells 306 have 
been added at the end of the register to span a distance 
from the array to detection node 307 and to amplifier 25 
309. The charge detection node includes a region of n+ 
diffusion 307 that has been incorporated into standard 
cell 101. The amplifier input is connected to this n+ dif- 
fusion node. A reset gate and an output diode 308 ter- 
minate the serial register. The necessary clock bias 30 
voltages are supplied to the serial register by intercon- 
nect wires and terminals 314 and 315. By clocking the 
serial register, one line of the image signal is read out 
and output to the sensor output terminal 310. It is easy 
to see that after the serial register has been emptied of 35 
signal a new line of data can be input from the array. 
This is accomplished by applying appropriate clocking 
pulses to the parallel array terminals 31 1 and 312. The 
whole sensor is read out after all signal lines have been 
clocked out into the serial register and out to the detec- 40 
tion node. After this cycle is completed the camera shut- 
ter can be opened and a new image signal integrated. 
The integration period is, of course, followed by the 
appropriate multiplication period before the readout 
period begins again. 45 
[0038] An important variation of the Full Frame sen- 
sor readout technique is called the Time Delayed Inte- 
gration (TDI) readout. In this readout mode the image 
projected on the image sensing area is not stationary; it 
moves. Charge is then clocked in the same direction 50 
and at the same average speed through the array to fol- 
low the moving image. Persons skilled in the art will 
appreciate that the IMPACTRON cell operation is com- 
patible with this readout technique. 

[0039] Full Frame image sensors of all types gener- 55 
ate image Fixed Pattern Noise (FPN), more aptly called 
image Fixed Pattern Non-uniformity. The non-uniformity 
is caused by slight differences in device performance 



due to processing differences dispersed across the sen- 
sor. Full Frame image sensors with IMPACTRON cells 
incorporated in the active image sensing area 301 also 
suffer from image FPN. In fact, charge multiplication in 
IMPACTRON cells may amplify the image FPN. There- 
fore, in an alternate embodiment, an alternate serial 
register 317 (Figure 10) replaces serial register 305 of 
Figure 9. In serial register 31 7, a series of IMPACTRON 
cells is incorporated into the register just before charge 
detection node 307 and amplifier 309. The sensor is 
operated so that the clocking of IMPACTRON cells in 
image sensing area 301 limits the charge multiplication 
effects to provide only the desired margin of signal over 
the noise floor, and additional gain will be provided by 
the IMPACTRON cells in serial register 31 7. Since every 
packet of charge has to transfer through the same 
IMPACTRON cells of serial register 31 7, the transferred 
signals are always multiplied by the same amount. 
Thus, serial register 317 does not generate any image 
FPN. 

[0040] The width of serial register 317 can be 
designed arbitrarily wider than in the registers in the 
image sensing area. In this way, the well capacity of the 
serial register is essentially unlimited, and the greatest 
well capacities are needed only in the latter stages of 
serial register 317. Typically, serial register 305 (Figure 
9) or serial register 31 7 (Figure 1 0) are clocked at a high 
rate in order to rapidly transfer charge out through 
amplifier 309. In register 317, the IMPACTRON cells do 
not transfer charge back to the same cell after multipli- 
cation, charge is always transferred forward to the next 
cell to preserve the normal serial register clocking rate. 
[0041] Another type of sensor is called a Frame 
Transfer (FT) image sensor. In this sensor the active 
area (e.g., area 301 ) is usually divided into two sections. 
A top section includes photo detectors and receives the 
image while a bottom section serves as a buffer mem- 
ory. The bottom section is shielded from the impinging 
light. In a Frame Transfer sensor according to the 
present invention, IMPACTRON cells do not occupy the 
whole active area 301 of the sensor. According to the 
present invention, the top section (303 in Figure 9) 
incorporates IMPACTRON cells, and the bottom section 
(318 in Figure 9) incorporates only standard cells 101 
(Figure 1). The bottom section is usually called the 
image memory since it holds the image data during the 
readout process while a new image is integrated in the 
top section. Appropriate interconnecting wires connect 
the memory cells to the device terminals 319 and 320. 
The operation of the Frame Transfer image sensor is 
similar to the Full Frame device, however, the Frame 
Transfer sensor has an advantage in that the camera 
that incorporates it does not need a shutter. When the 
image charge is integrated and multiplied, it is quickly 
transferred to the image memory where it is shielded 
from impinging light. The charge transfer is very fast in 
order to minimize image smear that may result from the 
light impinging on the sensor while the charge transfer 
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is in progress. The charge readout then proceeds from 
the image memory (i.e., bottom section) in the same 
fashion as charge readout would proceed in a Full 
Frame device. 

[0042] It is possible to conceive of a Frame Transfer 5 
sensor that would have standard cells 101 in the image 
sensing area and IMPACTRON cells only in the image 
memory area. However, the charge multiplication would 
increase the smear and more dark current could be col- 
lected before multiplication. The same reasoning would 10 
apply for a device with the IMPACTRON in both the 
image memory and the image sensing areas. 
[0043] However, devices that have the IMPAC- 
TRON cells in the image sensing area and also in the 
serial register 317, as shown in Figure 10, have an is 
advantage. The image area well capacity is limited, and 
it is not possible to apply a very high gain to the signal 
in these pixels without a danger of saturating the well 
capacity. A moderate gain is still beneficial since the 
gain elevates the signal above the dark current noise 20 
floor. An additional full charge multiplication gain can 
then be applied in serial register 317 where the well 
capacity limit can be overcome by designing the serial 
register with sufficient width to have a desired well 
capacity. 25 
[0044] One of the important benefits of charge mul- 
tiplication can be obtained by incorporating IMPAC- 
TRON cells into an image sensor of the type disclosed 
in the U.S. Patent No. 5,355,1 65 to Kosonocky. U.S. Pat- 
ent No. 5,355,165 to Kosonocky describes an image 30 
sensor that can take a limited sequence of pictures at a 
very high rate. In high-speed camera applications the 
amount of light available for exposing each frame is very 
small. Illuminating the observed scene with a very high 
light intensity usually circumvents the problem. How- 35 
ever, in some cases, the high light intensity can interfere 
with the observed phenomenon or can even damage 
the observed object. At a minimum, the high light illumi- 
nation requirement adds an additional undesired 
expense. For these application the high-speed camera 40 
is usually equipped with an image intensifier. 
[0045] The high frame rate-sensing concept is 
based on the CCD sensor where each photo-sensing 
element incorporates a local CCD memory. The mem- 
ory has the Serial-Parallel-Serial (SPS) design that is 45 
known in the industry. The sensor architecture with 
incorporated IMPACTRON cells can best be understood 
with reference to Figure 11. The sensor area includes 
an array of the photocells 322, a three element horizon- 
tal register 325 coupled to each photocell 322, and a 3 50 
x 3 IMPACTRON cell array 332 coupled to each hori- 
zontal register 325. Horizontal registers 325 include five 
standard CCD cells of a basic cell design such as 1 01 of 
Figure 1 . All active structures are separated by channel 
stop regions 321. Not all the wire interconnects are 55 
shown in the figure, only the connections 324 to the 
charge multiplication gate electrodes and the connec- 
tions 330 and 331 to the serial output register. All CCD 



structures are shielded from light except for photocells 
322, which are exposed; however, the light shield is not 
shown in the drawing for clarity. The first cell 323 of the 
each register 325 has the ability to receive charge from 
the photocell 322. The last cell of the register has a 
charge drain 326 incorporated in it. 

[0046] In operation of the sensor of Figure 11, 
charge from photocell 322 is regularly transferred into 
first register element 323 of horizontal register 325. Hor- 
izontal register 325 is regularly clocked to transfer 
charge packets from photodiode 322 down the register 
toward drain 326. After three successive charge packets 
have been shifted down horizontal register 325, IMPAC- 
TRON array 332 is clocked once. This action moves the 
three packets of signal charge into the first row of 
IMPACTRON array 332. This process is then repeated 
three times which completes the loading of IMPAC- 
TRON arrays 332. After the loading cycle is completed, 
charge stored in the IMPACTRON array is multiplied by 
operating the IMPACTRON cells according to the teach- 
ings herein. In this example, the sensor can store only 
nine consecutive image frames exposed at a very high 
frame rate. Exposure rates can be on the order of ten 
million frames per second. However, it is obvious to 
those skilled in the art that more frames can be stored if 
the SPS memory design is modified. For example, per- 
sons skilled in the art will appreciate how to modify the 
three element horizontal register 325 and the 3x3 
IMPACTRON array 332 to achieve a sensor that can 
store 4, 16 or 25 consecutive image frames exposed at 
a very high frame rate. 

[0047] The sensor readout operates very similar to 
the readout of the Full Frame architecture. IMPACTRON 
arrays 332 and horizontal serial registers 325 are 
clocked once to load the output serial register 333, 
located at the bottom of the sensor, with a valid data 
line. In the next step the output register is clocked con- 
tinuously to transfer all the data into detection node 329 
and from there into output amplifier 328. After all the 
data is read out from the register 333, IMPACTRON 
arrays 332 and the serial registers 325 are clocked 
again. This process is repeated until the whole image 
sensor is read out. 

[0048] In the above description, the IMPACTRON 
structure is incorporated into the sensor array of U.S. 
Patent No. 5,355,165 to improve the sensor perform- 
ance. Many details of the design and operation have 
been omitted for brevity. U.S. Patent No. 5,355,165 
describes the high-speed readout sensor implemented 
in a different technology than described above. The 
example described above employs a technology that 
has two polysilicon gate electrode levels and a virtual 
electrode VE. Persons skilled in the art will appreciate 
the applicability of other similar technologies. 
[0049] Another group of device architectures, called 
Interline Transfer (IT) architectures, involve cells that 
have photo-sensing regions separated from vertical 
charge transfer regions. 
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[0050] In Figure 12, cell 401 is similar to the basic 
IMPACTRON cell shown in Figure 5 at 201 . However in 
cell 401 , channel stop 404 of cell 401 may be regarded 
as much wider than channel stop 206 in cell 201. The 
additional width of channel stop 404 of cell 401 provides 5 
sufficient space to incorporate photo-sensing area 406 
within the width of channel stop 404. The photo-sensing 
area can be a simple photodiode, a pinned photodiode, 
a schottky barrier photodiode, a phototransistor, or any 
other photo-sensing element known in the art. The 10 
details of such structures will not be described here. 
Charge accumulated in the photo-sensing area is trans- 
ferred into vertical CCD channel 409 through transfer 
gate 407. Transfer gate 407 is connected to metal bus 
line 413 that supplies the necessary clock pulses <|> T q. 75 
The cell is shielded from impinging light everywhere 
except over photo-sensing area 406. The light shield is 
formed from a suitable opaque layer deposited on top of 
the cell structure, but it is not shown in the drawing for 
clarity. The remaining cell structure, such as polysilicon 2 o 
gate electrodes 402, 403, 408, and the channel stop 
404, correspond directly to the similar structures in cell 
201. Metal bus lines 411 and 412 also serve the same 
purpose as in cell 401 . 

[0051] A 401 cell without the IMPACTRON structure 25 
would be called an Interline Transfer (IT) cell, and as 
such it is used in many modern CCD image sensors. 
However, a new improved Interline Transfer architecture 
results when the IMPACTRON cell 201, as in the Full 
Frame sensor shown in Figure 9, replaces known verti- 30 
cal register elements of known Interline Transfer cells to 
provide IMPACTRON Interline Transfer cell 401 as 
described with reference to Figure 12. The operation of 
such sensor is very similar to the operation of IMPAC- 
TRON cells in the Full Frame sensor, except that the 35 
image shutter in the optical camera system is now not 
needed. After the signal charge has accumulated in the 
photo-sites, charge is transferred to vertical registers 
409 for readout. Since the vertical registers are shielded 
from the impinging light, no image smear is generated 40 
during the readout. Charge can be multiplied in the 
IMPACTRON cells of vertical register 409 before it is 
transferred into the serial readout register. The same 
considerations of incorporating the IMPACTRON cells 
into both, the vertical CCD registers and the horizontal 45 
readout register apply here as for the previously dis- 
cussed Full Frame and Frame Transfer architectures. 
When the IMPACTRON Interline Transfer cells are 
incorporated in the Frame Transfer architecture by 
replacing cells 201 , a new Frame Interline Transfer (FIT) 50 
architecture results. 

[0052] Frame Interline Transfer architectures, with- 
out IMPACTRON cells, are well known to persons who 
are ordinarily skilled in the art and are not further dis- 
cussed. Many other combinations of the IMPACTRON 55 
cell structure with sensor architectures are also possi- 
ble, such as an imager with dual serial registers, serial 
registers located on both the top and the bottom of the 



array, etc. For example, when an image sensor array is 
constructed from only a one line of IMPACTRON Inter- 
line Transfer cells, a line sensor is created. 

[0053] Another group of image sensors that benefit 
from the IMPACTRON structure, is the group that uses 
Active Pixel (AP) image detectors. These sensors are 
commonly known as CMOS sensors since they are usu- 
ally fabricated by the CMOS processing technology. 
The main difference between the CCD and CMOS sen- 
sors, other than the manufacturing technology, is in 
image readout. In the CCD devices, charge is trans- 
ferred from every pixel of the array into typically only one 
output detection node. This is accomplished by applying 
suitable clock voltages to various charge transfer gate 
electrodes of the array. In CMOS sensors, charge is 
sensed, buffered or amplified by a suitable amplifier 
directly in each pixel. The output of the pixel is then 
obtained by X-Y addressing the pixels and reading the 
amplified signal. There are some advantages that the 
CMOS sensors have in comparison to CCD devices. 
One example is in the system integration capability and 
another is in the low power consumption. 
[0054] The incorporation of the IMPACTRON struc- 
ture into an Active Pixel sensor is discussed with refer- 
ence to Figure 13. In Figure 13, single pixel 525 of the 
array contains an active cell region 501 that incorpo- 
rates a modified IMPACTRON cell. The cell includes 
gate electrode 502 and charge multiplication gate elec- 
trode 506. The area 505 is a virtual electrode region VE. 
The area of Active Pixel 525 that is outside of active 
region 501 is preferably formed as a channel stop. The 
IMPACTRON cell further includes the transfer gate elec- 
trode 503, n+ diffusion, charge detection node 508, 
reset gate electrode 504, and drain 509. The Active 
Pixel unit cell 525 further includes the sensing transistor 
510 and the addressing transistor 51 1 shown here only 
symbolically. 

[0055] In operation of the sensor of Figure 13, pho- 
tocharge is integrated in the storage well under the vir- 
tual electrode VE 505. After the integration is completed 
charge that has been integrated in the storage well 
under the VE region 505 is multiplied by applying the 
appropriate IMPACTRON clock voltages to the gate 
electrodes 502 and 506 as described previously. After 
the multiplication is completed, charge is transferred to 
the detection node 508, which is connected to the gate 
of the sensing transistor 510. Output node of the sens- 
ing transistor 510 is coupled through addressing tran- 
sistor 511 to vertical sense line 514. When addressing 
transistor 511 is turned on, the output signal from the 
sensing transistor 51 0 is coupled through transistor 51 1 
to vertical sense line 514 of the array. The line 514 is 
biased by the current source load 524 that terminates it. 
Many pixels of the array are typically connected to a sin- 
gle column sense line (e.g., column sense line 514). 
Vertical scanner circuit 521 consecutively turns on and 
off transistors 511 via lines 512 to facilitate vertical 
scanning. After the signal has been sensed and transis- 
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tor 51 1 is again turned off, a pulse is applied to reset 
gate electrode 504 to reset sense node 508 to the 
potential of drain 509. During the reset operation, drain 
bias line 513 is momentarily lowered to a suitable reset 
voltage level. Thus, line 513 serves a dual purpose 
here. It supplies the drain bias to the transistor 51 0 dur- 
ing readout, and it also supplies a reference bias to 
drain 509 during the reset operation. Horizontal scanner 
519 then accomplishes the horizontal scanning of the 
array. The scanner supplies the command pulses to the 
horizontal scanning switches 515 that consecutively 
connect vertical sense lines 514 to horizontal sense line 
516. The array amplifier 517 buffers the signal appear- 
ing on horizontal sense line 516 and delivers a buffered 
signal to output array terminal 518. While many varia- 
tions of the above described basic Active Pixel CMOS 
sensor can be found in the literature, it is understood 
that the above description is only an example. The 
present invention includes all of those variations that 
incorporate the IMPACTRON structure. 

[0056] There are many details that have been omit- 
ted from the above descriptions for the sake of brevity. 
For example, the image sensors are typically equipped 
with suitable anti-blooming structures. One such struc- 
ture, called the Lateral Overflow Drain (LOD), applicable 
to the technology described herein, is described in U.S. 
Patent No. 5,453,632 to Hynecek et al., and is incorpo- 
rated herein by reference. The Lateral Overflow Drain 
structure is preferably placed in one of the channel stop 
regions of the IMPACTRON cell as depicted in Figure 
14. In Figure 14, cell 201 includes polysilicon gate elec- 
trode 260 disposed over channel stop region 206 and a 
suitable Boron barrier implant 263 that has been 
implanted under gate electrode 260. Gate electrode 260 
includes a central opening 261 that defines an n+ drain 
region 264. The drain region 264 is connected to gate 
electrode 260 and from there to a Lateral Overflow 
Drain terminal 266 by metal wiring. The structure thus 
creates a potential profile along the line C-C that is 
shown in Figure 15. 

[0057] In operation of the Lateral Overflow Drain, a 
suitable bias 257 (Figure 15) applied to Lateral Overflow 
Drain terminal 266 creates a potential barrier 256 that 
limits charge accumulated in the storage well. When 
photocharge integrates in the storage well under the vir- 
tual electrode VE 205 (Figure 14) to level 256, deter- 
mined by the amount of Boron implant 263 and bias 
applied to drain 264, electrons start to flow into the 
drain. This prevents blooming in the device by drawing 
off photoelectrons in excess of the quantity needed to 
lower the well potential below level 256. 
[0058] Another common type of the anti-blooming 
structure is the Vertical Overflow Drain (VOD). Details of 
known Vertical Overflow Drain structures are omitted for 
brevity. This structure is typically built on substrates 262 
that are n-type, and the CCD devices are placed in a 
suitable p-well 265 as shown in Figure 15. Such a struc- 
ture can be used even if the Vertical Overflow Drain is 



not electrically operable, since this structure is benefi- 
cial for reduction of bulk generated dark current. Per- 
sons skilled in the art will appreciate that IMPACTRON 
cell 401 is compatible with Vertical Overflow Drain struc- 
5 tures. 

[0059] For currently fabricated samples (TC301), 
sample clocking voltages with respect to substrate (0V) 
are as follows: 

w Charge transport clocks: +2V and -4V; 

Charge multiplication clocks: +18V and -4V (high 
level can be varied if different gain is required); 
Pinning bias level: -5V. 

15 However, those of ordinary skill will appreciate that 
these are merely exemplary, and can be adjusted for 
other device or process parameters. 
[0060] In Figure 16, an IMPACTRON cell includes a 
channel formed in a substrate defined between channel 

20 stops 604 and 606, charge multiplication gate electrode 
622, and first and second gate electrodes 602 and 603 
insulatively disposed over and transverse to the chan- 
nel. First and second gate electrodes 602 and 603 have 
respective first and second reticulations so as to frame 

25 aperture 621 through the plan view of the first and sec- 
ond gate electrodes. Charge multiplication gate elec- 
trode 622 is insulatively disposed over the aperture. 
First and second gate electrodes 602 and 603 are 
formed out of respective first and second polysilicon lay- 

30 ers, and charge multiplication gate electrode 622 is 
formed out of a third polysilicon layer. A section D-D' 
through first and second gate electrodes is depicted in 
Figure 1 7. 

[0061] In Figure 17, adjacent polysilicon gate elec- 
35 trodes are formed to create overlap 704 with insulator 
703 disposed between them The structure is built on 
substrate 705. A first gate electrode 701 is formed out of 
the first polysilicon layer before the inter-electrode insu- 
lator is formed. In the next step the second gate elec- 
40 trode 702 is formed out of the second polysilicon layer. 
In the embodiment depicted in Figure 16, additional 
insulator layer is formed over the second polysilicon 
layer and then charge multiplication gate electrode 622 
is formed out of a third polysilicon layer over the struc- 
45 ture that includes the first polysilicon layer, the inter- 
electrode insulation, the second polysilicon layer and 
another inter-electrode insulator. 

[0062] In Figure 18, an alternative method for form- 
ing the IMPACTRON gate electrodes is depicted. In Fig- 
so ure 18, gate electrodes 801 and 802 are formed 
adjacent with a small gap 803 between them insulated 
from substrate 805 by gate dielectric layer 804. This 
results in the gate electrode structure that is planar and 
also that is formed out of a single polysilicon deposition 
55 layer. Multiple gates can be formed in this way without 
processing complexities of depositing additional poly- 
silicon layers. With high-resolution lithography available 
today, the gaps can be controlled to be only 0.1 microns 
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wide or less. This permits sufficiently strong electric 
fields to develop at the gate-to-gate interface regions 
and to facilitate both charge multiplication as well as an 
efficient charge transfer. 

[0063] In Figure 19, an IMPACT RON cell structure 5 
includes a channel formed in a substrate defined 
between channel stops 904 and 906, charge multiplica- 
tion gate electrode 922, and first, second and third gate 
electrodes 902, 903 and 907 insulatively disposed over 
and transverse to the channel. First and third gate elec- 10 
trodes 902 and 907 are formed out of the first polysilicon 
layer to have respective reticulations therethrough, and 
second gate electrode 903 formed out of the second 
polysilicon layer to have a gap therethrough in a vicinity 
of the reticulations in the first and third gate electrodes 15 
so as to form aperture 921 through the plan view of the 
first, second and third gate electrodes. Charge multipli- 
cation gate electrode 922 is formed out of a third polysil- 
icon layer to be insulatively disposed over the aperture. 
Persons skilled in the art will appreciate that this IMPAC- 20 
TRON cell structure can be extended to include addi- 
tional gate electrodes having gaps that contribute to 
aperture 921 under charge multiplication gate electrode 
922. For example, gate electrode 903 may be split into 
two separate gate electrodes 903A and 903B so that 25 
the IMPACTRON cell structure of Figure 19 would 
include four gate electrodes. 

[0064] While the above description refers mostly to 
the p-type silicon substrates and Si0 2 dielectrics, it will 
be appreciated by persons skilled in the art that it is pos- 30 
sible to use n-type substrates as well as other types of 
materials such as Gallium Arsenide, Mercury Cadmium 
Telluride, etc. Of particularly high interest is a silicon 
based IMPACTRON Interline Transfer device where the 
photo-site regions are Platinum Silicide Schottky barrier 35 
diodes. 

[0065] It will be appreciated by persons skilled in 
the art that standard color filter arrays and micro-lens 
arrays are also compatible with the IMPACTRON tech- 
nology and can be deposited or otherwise formed on 40 
the IMPACTRON image sensors. This flexibility is 
unique to the IMPACTRON structure, and it is not avail- 
able in vacuum tube image intensifier devices. The 
IMPACTRON cell structure makes it possible to build 
efficient color single photon detection (SPD) image sen- 45 
sors, and in this way, significantly advance the art of the 
color low-light level imaging. 

[0066] According to a disclosed class of innovative 
embodiments, there is provided: A solid-state image 
intensifier device, comprising: a photosensitive area; a 50 
channel stop which at least partly delimits said photo- 
sensitive area; and a high-field carrier-multiplication 
area which lies at least partly within said photosensitive 
area; wherein said carrier-multiplication area nowhere 
overlies said channel stop. 55 
[0067] According to another disclosed class of inno- 
vative embodiments, there is provided: A solid-state 
photosensor device, comprising: a carrier-multiplication 



area, in which a high electric field can be applied to 
induce impact ionization; and a photocarrier collection 
area, comprising a semiconductor material of a first 
conductivity types; device structure which permits 
charge collected in said collection area to be multiplied 
in said multiplication area; wherein said carrier-multipli- 
cation area nowhere overlies said channel stop. 

[0068] According to another disclosed class of inno- 
vative embodiments, there is provided: A solid-state 
charge-amplification device structure, comprising: a lat- 
erally confined charge-storage well; and a carrier multi- 
plication region, at which high electric fields can be 
applied to induce impact ionization of carriers within 
said well; wherein said multiplication region lies entirely 
within the interior of said well. 

[0069] According to another disclosed class of inno- 
vative embodiments, there is provided: A solid-state 
charge-amplification device structure, comprising: at 
least one electrode pair positioned to induce a high lat- 
eral electric field within a volume of depleted semicon- 
ductor material, when said electrode pair is biased; and 
additional device structure for transferring carriers along 
a path which permits single-event impact ionization, but 
not avalanching, within said high-field region. 
[0070] According to another disclosed class of inno- 
vative embodiments, there is provided: A solid state 
charge amplification method, comprising the step of: 
transferring one or more mobile carriers, in a semicon- 
ductor material, through a region of high electric field; 
wherein said region of high electric field is intense 
enough to provide single-step impact ionization, to 
thereby generate additional electrons in proportion to 
the number of electrons being transferred; and wherein 
said region of high electric field lies entirely within a vol- 
ume of said semiconductor material which is depleted. 
[0071 ] According to another disclosed class of inno- 
vative embodiments, there is provided: A solid-state 
charge-amplification device structure, comprising: at 
least one electrode pair positioned to induce a high lat- 
eral electric field within a volume of depleted semicon- 
ductor material, when said electrode pair is mutually 
biased; wherein said electrode pair is positioned suffi- 
ciently close to said volume of depleted semiconductor 
material that, when said electrode pair is mutually 
biased with a high enough voltage to permit impact ion- 
ization in said semiconductor material, the region where 
the electric field is high enough to permit impact ioniza- 
tion is sufficiently small that the probability of avalanch- 
ing is essentially zero. 

[0072] According to another disclosed class of inno- 
vative embodiments, there is provided: A sensor that 
includes at least one cell, each cell comprising: a chan- 
nel formed in a substrate; a gate electrode structure 
insulatively disposed over and transverse to the channel 
having an aperture formed therein; and a charge multi- 
plication gate electrode insulatively disposed over and 
within the aperture. 

[0073] According to another disclosed class of inno- 
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vative embodiments, there is provided: A sensor com- 
prising: a channel formed in a substrate; a charge 
multiplication gate electrode; and at least first, second 
and third gate electrodes insulatively disposed over and 
transverse to the channel, the first and third gate elec- 5 
trodes having respective reticulations therein, the sec- 
ond gate electrode having a gap therethrough in a 
vicinity of the reticulations in the first and third gate elec- 
trodes so as to frame and aperture, wherein the charge 
multiplication gate electrode is insulatively disposed 10 
over and within the aperture. 

[0074] According to another disclosed class of inno- 
vative embodiments, there is provided: A method of 
multiplying charge in a storage well, comprising the 
steps of: including a multiplication well under a charge 15 
multiplication gate electrode; reducing a barrier exiting 
between the storage well and the multiplication well until 
initial charge stored in the storage well transfers over 
the barrier into the multiplication well to generate addi- 
tional charge by impact ionization, the initial charge 20 
combined with the additional charge constituting multi- 
plied charge; and transferring the multiplied charge from 
the multiplication well into the storage well. 

Modifications and Variations 25 

[0075] As will be recognized by those skilled in the 
art, the innovative concepts described in the present 
application can be modified and varied over a tremen- 
dous range of applications, and accordingly the scope 30 
of patented subject matter is not limited by any of the 
specific exemplary teachings given. 
[0076] For example, the use of the disclosed car- 
rier-multiplication architecture is not limited to the range 
of imaging device architectures described above, but 35 
can be applied to other architectures. 
[0077] For another example, the disclosed carrier- 
multiplication architecture is not limited to image intensi- 
fication, but provides a device architecture which can be 
used for charge amplification in other circuit contexts 40 
too, such as charge-domain signal processing or radia- 
tion detection. 

[0078] Using this technique, it is possible to control 
the amplification by altering the voltage on the multipli- 
cation gate electrode, or by controlling the number of 45 
pulses used in the amplification cycle, both of which can 
be controlled externally to the sensor chip. This can be 
particularly useful in color imaging, where, in some con- 
templated embodiments, separate amplification factors 
can be applied to the three color channels. so 
[0079] None of the description in the present appli- 
cation should be read as implying that any particular 
element, step, or function is an essential element which 
must be included in the claim scope: THE SCOPE OF 
PATENTED SUBJECT MATTER IS DEFINED ONLY BY 55 
THE ALLOWED CLAIMS. Moreover, none of these 
claims are intended to invoke paragraph six of 35 USC 
section 1 12 unless the exact words "means for" are fol- 



lowed by a participle. 

[0080] According to its broadest aspect the inven- 
tion relates to a solid-state image intensifier device, 
comprising: a photosensitive area; a channel stop which 
at least partly delimits said photosensitive area, and a 
high-field carrier-multiplication area. 
[0081] It should be noted that the objects and 
advantages of the invention may be attained by means 
of any compatible combination(s) particularly pointed 
out in the items of the following summary of the inven- 
tion. 

SUMMARY OF THE INVENTION 
[0082] 

1. A solid-state image intensifier device, compris- 
ing: 

a photosensitive area; 

a channel stop which at least partly delimits 

said photosensitive area; and 

a high-field carrier-multiplication area which 

lies at least partly within said photosensitive 

area; 

wherein said carrier-multiplication area 
nowhere overlies said 
channel stop. 

2. The device, wherein said carrier multiplication 
region is defined by a lateral gap between a pair of 
insulated electrodes. 

3. The device, wherein said carrier multiplication 
region is located entirely within a depleted semicon- 
ductor volume. 

4. A solid-state photosensor device, comprising: 

a carrier-multiplication area, in which a high 
electric field can be applied to induce impact 
ionization; and 

a photocarrier collection area, comprising a 
semiconductor material of a first conductivity 
types; 

device structure which permits charge col- 
lected in said collection area to be multiplied in 
said multiplication area; 

wherein said carrier-multiplication area 
nowhere overlies said channel stop. 

5. The device, wherein said carrier multiplication 
region is defined by a lateral gap between a pair of 
insulated electrodes, 

6. The device, wherein said carrier multiplication 
region is located entirely within a depleted semicon- 
ductor volume. 

7. A solid-state charge-amplification device struc- 
ture, comprising: 
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a laterally confined charge-storage well; and 

a carrier multiplication region, at which high 
electric fields can be applied to induce impact 
ionization of carriers within said well; 
wherein said multiplication region lies entirely 5 
within the interior of said well. 

8. The device, wherein said carrier multiplication 
region is defined by a lateral gap between a pair of 
insulated electrodes. 10 

9. The device, wherein said carrier multiplication 
region is located entirely within a depleted semicon- 
ductor volume. 

10. A solid-state charge-amplification device struc- 
ture, comprising: 15 

at least one electrode pair positioned to induce 
a high lateral electric field within a volume of 
depleted semiconductor material, when said 
electrode pair is biased; and 20 
additional device structure for transferring carri- 
ers along a path which permits single-event 
impact ionization, but not avalanching, within 
said high-field region. 

25 

1 1 . A solid-state charge-amplification device struc- 
ture, comprising: 

at least one electrode pair positioned to induce 
a high lateral electric field within a volume of 30 
depleted semiconductor material, when said 
electrode pair is mutually biased; 
wherein said electrode pair is positioned suffi- 
ciently close to said volume of depleted semi- 
conductor material that, when said electrode 35 
pair is mutually biased with a high enough volt- 
age to permit impact ionization in said semi- 
conductor material, the region where the 
electric field is high enough to permit impact 
ionization is sufficiently small that the probabil- 40 
ity of avalanching is essentially zero. 

12. A sensor that includes at least one cell, each 
cell comprising: 

45 

a channel formed in a substrate; 
agate electrode structure insulatively disposed 
over and transverse to the channel having an 
aperture formed therein; and 

a charge multiplication gate electrode insula- 50 
tively disposed over and within the aperture. 

13. The sensor, wherein the gate electrode struc- 
ture of each cell includes a first aperture gate elec- 
trode having the aperture formed therethrough. 55 

14. The sensor, wherein the gate electrode struc- 
ture of each cell includes first and second aperture 
gate electrodes having respective first and second 



reticulations therein so as to frame the aperture. 

15. The sensor, wherein each said cell further com- 
prises: a transfer gate; a light detector coupled to 
the channel through the transfer gate; and a light 
shield disposed over the channel and around the 
light detector so as to leave the light detector 
exposed to light. 

16. The sensor, wherein the light detector of each 
cell includes one of a pinned photodiode and a 
Schottky barrier diode. 

17. The sensor, wherein each cell further com- 
prises an anti-blooming structure, the anti-blooming 
structure including one of a lateral overflow drain 
and a vertical overflow drain. 

18. The sensor, wherein each cell further com- 
prises: a transfer gate; a light detector capable of 
integrating photo-charge, the light detector being 
coupled to the anti-blooming structure and coupled 
to the channel through the transfer gate. 

19. The sensor, wherein the at least one cell 
includes a plurality of cells; and the sensor is one of 
a full frame area image sensor that includes the plu- 
rality of cells and a frame transfer area image sen- 
sor that includes the plurality of cells. 

20. The sensor, wherein the at least one cell 
includes a plurality of cells; and the sensor is one of 
an interline transfer area image sensor that 
includes the plurality of cells and a frame interline 
transfer area image sensor that includes the plural- 
ity of cells. 

21. The sensor, wherein the at least one cell 
includes a plurality of cells; and the sensor is one of 
a time delay integration sensor that includes the 
plurality of cells and a line array sensor that 
includes the plurality of cells. 

22. The sensor, wherein the at least one cell 
includes a plurality of cells; and the sensor is an 
active pixel CMOS sensor that includes the plurality 
of cells. 

23. The sensor, wherein the at least one cell that 
includes an array of cells; and the sensor further 
includes a light detector and a CCD register cou- 
pled between the array of cells and the light detec- 
tor. 

24. The sensor, wherein the array of cells is organ- 
ized in M columns by N cells; the CCD register fur- 
ther includes a plurality of register elements; the 
light detector is coupled to the CCD register to 
transfer charge from the light detector to each reg- 
ister element of the CCD register in a time 
sequence; the CCD register is coupled to the array 
of cells to parallel transfer a row of charge packets 
from M of the register elements of the CCD register 
to a first cell in each of the M columns of the array 
of cells. 

25. The sensor, wherein the at least one cell 
includes a plurality of cells; and the sensor further 
includes one of a color filter matrix, a striped pattern 
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filter, and an array of micro-lenses disposed over 
the plurality of cells. 

26. The sensor, wherein said sensor includes a 
serial readout register; and each cell is an element 

of the serial readout register. 5 

27. The sensor, wherein the gate structure of each 
cell includes a first aperture gate electrode and one 
of: the first aperture gate electrode has the aperture 
formed therethrough; and the gate electrode struc- 
ture of each cell further includes a second aperture 10 
gate electrode, the first and second aperture gate 
electrodes having respective first and second retic- 
ulations therein so as to frame the aperture. 

28. The sensor, further comprising a charge multi- 
plication terminal coupled to the charge multiplica- is 
tion gate electrode to which is applied a charge 
multiplication signal; and a clock signal terminal 
coupled to the first aperture gate electrode to which 

is applied a clock signal, the clock signal and the 
charge multiplication signal cooperate to cause 20 
charge multiplication by impact ionization. 

29. The sensor, wherein the clock signal and the 
charge multiplication signal are timed to cause 
charge multiplication by impact ionization when the 
charge multiplication signal is stabilized at a maxi- 25 
mum positive bias for the charge multiplication sig- 
nal and the clock signal is transitioning from a 
maximum negative bias to a maximum positive bias 

for the clock signal. 

30. The sensor, wherein said clock signal and the 30 
charge multiplication signal are timed to define a 
first state when the clock signal is stabilized at its 
most negative bias and when the charge multiplica- 
tion signal is stabilized at its most positive bias; and 

the clock signal and the charge multiplication signal 35 
are timed to transition from the first state to a sec- 
ond state when the clock signal transitions from its 
most negative bias to its most positive bias and 
when the charge multiplication signal remains at its 
most positive bias, the transition from the first to the 40 
second state causing charge multiplication by 
impact ionization. 

31 . A sensor comprising: 

a channel formed in a substrate; 45 

a charge multiplication gate electrode; and 

at least first, second and third gate electrodes 
insulatively disposed over and transverse to 50 
the channel, the first and third gate electrodes 
having respective reticulations therein, the sec- 
ond gate electrode having a gap therethrough 
in a vicinity of the reticulations in the first and 
third gate electrodes so as to frame and aper- 55 
ture, 

wherein the charge multiplication gate elec- 
trode is insulatively disposed over and within 



the aperture. 

32. A solid state charge amplification method, com- 
prising the step of: 

transferring one or more mobile carriers, in a 
semiconductor material, through a region of 
high electric field; 

wherein said region of high electric field is 
intense enough to provide single-step impact 
ionization, to thereby generate additional elec- 
trons in proportion to the number of electrons 
being transferred; 

and wherein said region of high electric field 
lies entirely within a volume of said semicon- 
ductor material which is depleted. 

33. A method of multiplying charge in a storage well 
comprising the steps of: including a multiplication 
well under a charge multiplication gate electrode; 
reducing a barrier exiting between the storage well 
and the multiplication well until initial charge stored 
in the storage well transfers over the barrier into the 
multiplication well to generate additional charge by 
impact ionization, the initial charge combined with 
the additional charge constituting multiplied charge; 
and transferring the multiplied charge from the mul- 
tiplication well into the storage well. 

34. The method, further comprising a step of 
repeating the steps of including, reducing and 
transferring through a plurality of cycles. 

35. The method, wherein the plurality of cycles 
includes a number of cycles in a range between 50 
and 5000. 

Claims 

1. A solid-state image intensifier device, comprising: 

a photosensitive area; 

a channel stop which at least partly delimits 

said photosensitive area; and 

a high-field carrier-multiplication area which 

lies at least partly within said photosensitive 

area; 

wherein said carrier-multiplication area 
nowhere overlies said channel stop. 

2. The device of Claim 1 , wherein said carrier multipli- 
cation region is defined by a lateral gap between a 
pair of insulated electrodes, 

and/ or wherein preferably said carrier multiplication 
region is located entirely within a depleted semicon- 
ductor volume. 

3. A solid-state photosensor device, comprising: 

a carrier-multiplication area, in which a high 
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electric field can be applied to induce impact 
ionization; and 

a photocarrier collection area, comprising a 
semiconductor material of a first conductivity 
types; 5 
device structure which permits charge col- 
lected in said collection area to be multiplied in 
said multiplication area; 

wherein said carrier-multiplication area 
nowhere overlies said channel stop. 10 

4. The device according to any of the preceding 
claims, wherein said carrier multiplication region is 
defined by a lateral gap between a pair of insulated 
electrodes, 15 
and/ or wherein preferably said carrier multiplication 
region is located entirely within a depleted semicon- 
ductor volume. 

5. A solid-state charge-amplification device structure, 20 
comprising: 

a laterally confined charge-storage well; and 

a carrier multiplication region, at which high 

electric fields can be applied to induce impact 25 

ionization of carriers within said well; 

wherein said multiplication region lies entirely 

within the interior of said well. 

6. The device according to any of the preceding 30 
claims, wherein said carrier multiplication region is 
defined by a lateral gap between a pair of insulated 
electrodes, 

and/ or wherein preferably said carrier multiplication 
region is located entirely within a depleted semicon- 35 
ductor volume. 

7. A solid-state charge-amplification device structure, 
comprising: 

40 

at least one electrode pair positioned to induce 
a high lateral electric field within a volume of 
depleted semiconductor material, when said 
electrode pair is biased; and 

additional device structure for transferring carri- 45 
ers along a path which permits single-event 
impact ionization, but not avalanching, within 
said high-field region. 

8. A solid-state charge-amplification device structure, so 
comprising: 

at least one electrode pair positioned to induce 
a high lateral electric field within a volume of 
depleted semiconductor material, when said 55 
electrode pair is mutually biased; 
wherein said electrode pair is positioned suffi- 
ciently close to said volume of depleted semi- 



conductor material that, when said electrode 
pair is mutually biased with a high enough volt- 
age to permit impact ionization in said semi- 
conductor material, the region where the 
electric field is high enough to permit impact 
ionization is sufficiently small that the probabil- 
ity of avalanching is essentially zero. 

9. A sensor that includes at least one cell, each cell 
comprising: 

a channel formed in a substrate; 
a gate electrode structure insulatively disposed 
over and transverse to the channel having an 
aperture formed therein; and 
a charge multiplication gate electrode insula- 
tively disposed over and within the aperture. 

10. The sensor according to any of the preceding 
claims, wherein the gate electrode structure of each 
cell includes a first aperture gate electrode having 
the aperture formed therethrough, 

and/ or wherein preferably the gate electrode 
structure of each cell includes first and second 
aperture gate electrodes having respective first and 
second reticulations therein so as to frame the 
aperture, 

and/ or wherein preferably each said cell fur- 
ther comprises: a transfer gate; a light detector cou- 
pled to the channel through the transfer gate; and a 
light shield disposed over the channel and around 
the light detector so as to leave the light detector 
exposed to light, 

and/ or wherein preferably the light detector 
of each cell includes one of a pinned photodiode 
and a Schottky barrier diodes, 

and/ or wherein preferably each cell further 
comprises an anti-blooming structure, the anti- 
blooming structure including one of a lateral over- 
flow drain and a vertical overflow drain, 

and/ or wherein preferably each cell further 
comprises: a transfer gate; a light detector capable 
of integrating photo-charge, the light detector being 
coupled to the anti-blooming structure and coupled 
to the channel through the transfer gate, 

and/ or wherein preferably the at least one 
cell includes a plurality of cells; and the sensor is 
one of a full frame area image sensor that includes 
the plurality of cells and a frame transfer area image 
sensor that includes the plurality of cells, 

and/ or wherein preferably the at least one 
cell includes a plurality of cells; and the sensor is 
one of an interline transfer area image sensor that 
includes the plurality of cells and a frame interline 
transfer area image sensor that includes the plural- 
ity of cells, 

and/ or wherein preferably the at least one 
cell includes a plurality of cells; and the sensor is 
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one of a time delay integration sensor that includes 
the plurality of cells and a line array sensor that 
includes the plurality of cells, 

and/ or wherein preferably the at least one 
cell includes a plurality of cells; and the sensor is an 5 
active pixel CMOS sensor that includes the plurality 
of cells. 

11. The sensor according to any of the preceding 
claims, wherein the at least one cell that includes 10 
an array of cells; and the sensor further includes a 
light detector and a CCD register coupled between 
the array of cells and the light detector, 

and/ or wherein preferably the array of cells 
is organized in M columns by N cells; the CCD reg- 15 
ister further includes a plurality of register ele- 
ments; the light detector is coupled to the CCD 
register to transfer charge from the light detector to 
each register element of the CCD register in a time 
sequence; the CCD register is coupled to the array 20 
of cells to parallel transfer a row of charge packets 
from M of the register elements of the CCD register 
to a first cell in each of the M columns of the array 
of cells, 

and/ or wherein preferably the at least one 25 
cell includes a plurality of cells; and the sensor fur- 
ther includes one of a color filter matrix, a striped 
pattern filter, and an array of micro-lenses disposed 
over the plurality of cells, 

and/ or wherein preferably said sensor 30 
includes a serial readout register; and each cell is 
an element of the serial readout register, 

and/ or wherein preferably the gate structure 
of each cell includes a first aperture gate electrode 
and one of: the first aperture gate electrode has the 35 
aperture formed therethrough; and the gate elec- 
trode structure of each cell further includes a sec- 
ond aperture gate electrode, the first and second 
aperture gate electrodes having respective first and 
second reticulations therein so as to frame the 40 
aperture, 

and/ or further preferably comprising a 
charge multiplication terminal coupled to the 
charge multiplication gate electrode to which is 
applied a charge multiplication signal; and a clock 45 
signal terminal coupled to the first aperture gate 
electrode to which is applied a clock signal, the 
clock signal and the charge multiplication signal 
cooperate to cause charge multiplication by impact 
ionization, so 

and/ or wherein preferably the clock signal 
and the charge multiplication signal are timed to 
cause charge multiplication by impact ionization 
when the charge multiplication signal is stabilized at 
a maximum positive bias for the charge multiplica- 55 
tion signal and the clock signal is transitioning from 
a maximum negative bias to a maximum positive 
bias for the clock signal, 



and/ or wherein preferably said clock signal 
and the charge multiplication signal are timed to 
define a first state when the clock signal is stabi- 
lized at its most negative bias and when the charge 
multiplication signal is stabilized at its most positive 
bias; and the clock signal and the charge multiplica- 
tion signal are timed to transition from the first state 
to a second state when the clock signal transitions 
from its most negative bias to its most positive bias 
and when the charge multiplication signal remains 
at its most positive bias, the transition from the first 
to the second state causing charge multiplication by 
impact ionization. 

12. A sensor comprising: 

a channel formed in a substrate; 
a charge multiplication gate electrode; and 
at least first, second and third gate electrodes 
insulatively disposed over and transverse to 
the channel, the first and third gate electrodes 
having respective reticulations therein, the sec- 
ond gate electrode having a gap therethrough 
in a vicinity of the reticulations in the first and 
third gate electrodes so as to frame and aper- 
ture, 

wherein the charge multiplication gate elec- 
trode is insulatively disposed over and within 
the aperture. 

13. A solid state charge amplification method, compris- 
ing the step of: 

transferring one or more mobile carriers, in a 
semiconductor material, through a region of 
high electric field; 

wherein said region of high electric field is 
intense enough to provide single-step impact 
ionization, to thereby generate additional elec- 
trons in proportion to the number of electrons 
being transferred; 

and wherein said region of high electric field 
lies entirely within a volume of said semicon- 
ductor material which is depleted. 

14. A method of multiplying charge in a storage well 
comprising the steps of: including a multiplication 
well under a charge multiplication gate electrode; 
reducing a barrier exiting between the storage well 
and the multiplication well until initial charge stored 
in the storage well transfers over the barrier into the 
multiplication well to generate additional charge by 
impact ionization, the initial charge combined with 
the additional charge constituting multiplied charge; 
and transferring the multiplied charge from the mul- 
tiplication well into the storage well. 

15. The method according to any of the preceding 
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claims, further comprising a step of repeating the 
steps of including, reducing and transferring 
through a plurality of cycles, 

and/ or wherein preferably the plurality of 
cycles includes a number of cycles in a range 5 
between 50 and 5000. 

16. A solid-state image intensifier device, comprising: 

a photosensitive area; 10 
a channel stop which at least partly delimits 
said photosensitive area; and 
a high-field carrier-mulitplication area. 
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